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Abstract 
A potential CO2 seepage from sub-seabed storage may cause cascade effects in marine ecosystems if it influences a 
process that has a key-function in the complex ecosystem. Therefore not only the primary effects (CO2 increase and pH 
decreases) but also secondary effects (change in the mobility, and bioavailability of trace and heavy metals and organic 
toxins) should be studied. These impacts are still poorly understood. Here we present the preliminary results of an 
experimental study in a titanium pressure tank on the impact of CO2 seepage on trace elements mobility and bacterial 
composition at the sediment-water interface and some perspectives for future research.  
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1. Background and Perspectives 
 
CCS – Carbon dioxide (CO2) Capture and Storage is one of a portfolio of CO2 mitigation methods to avoid 
anthropogenic climate change. Under certain assumptions it can contribute globally up to 20% of necessary 
emission reductions by 2050. One of the most promising places to store the resulting large volumes of CO2 
for a long time is in sedimentary rocks below the continental margins. Since 2007 the conventions 
protecting the oceans against pollution, OSPAR and the London Protocol, permit the CO2 storage deep 
below the sea bottom. Both set up criteria to secure the oceans against CO2 seeping back into the ocean or 
atmosphere, before national authorities are allowed to give permits for such storage. Important criteria are 
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to be able to detect and stop any seepage and to present an EIA - Environmental Impact Assessment. To 
make an EIA, operators and authorities need to have scientific knowledge about what the consequences 
could be for the living creatures in and on the sea bottom, if an improbable seepage should happen. 
 
1.1. Primary and Secondary Effects of CO2 seepage 
In the case of CO2 seepage from a sub-seabed reservoir, the released CO2 may change pH and pCO2 in the 
sediment pore water and the seawater, which represents a risk to local biota in itself. Most of the research 
so far has focused on the impact of acidification on calcifying organisms and effects of increased pCO2 or 
decreased pH on marine invertebrates. However, the actual impacts of acidification, including secondary 
mechanisms, may range across a broad spectrum of chemical, ecological and physiological processes. CO2 
acidification may cause cascade effects in ecosystem if it affect a process that has a key-function in the 
complex ecosystem. Therefore not only the primary effects (CO2 increase and pH decreases) but also 
secondary effects (change in the mobility, solubility and bioavailability of trace and heavy metals, nutrients 
and inorganic – organic toxins) should be studied. All of these impacts are still poorly understood and 
should also be a priority area for CO2 acidification research 
 
1.2. Effects of CO2 seepage on sediment-water chemistry  
The CO2 leakage may cause either rapid extraction of easily soluble fractions of some trace elements such 
as Cu, Cd, Ni and Zn from the sediment and suspended particles or slow but continuous enhancement of 
easily soluble fractions of other elements such as Pb, Al  [1, 2]. Truly soluble fractions of some rare-earth 
elements such as Y, Ce, Pr, Sm, Tr, and La and Uranium (unpublished results, Ardelan) in the seawater 
may also increase significantly due to CO2 leakage. The enhancement of easily soluble fractions of various 
heavy metals may create toxic cascade effects in marine ecology, from the benthic systems to the pelagic 
systems.  
 
1.3. Possible effects on benthic microbial ecosystem  
Bacteria have generation times in the order of hours to days and any changes in the environment caused by 
CO2 acidification, such as changes in the water and sediment chemistry, dissolution of elements etc., are 
likely to cause changes in the bacterial community, transient or permanent during CO2 leakage. 
Unfortunately, data on the direct and indirect impact of high CO2 and low pH on prokaryotes (bacteria and 
archaea) are very limited. Prokaryotes maintain their intracellular system slightly alkaline pH by spending 
energy in ATP (Egil Sakshaug, personal communication), therefore, they may have serious problem when 
water becomes acidified by CO2.  
 
There are very tight connections between geochemistry of some metals and microbial activities in nature. 
Both Fe(III) and Mn (IV) oxides and hydroxides are important electron acceptor for bacteria and they can 
effectively couple the decomposition of organic matters to reduction of Fe(III) and Mn(IV) [3, 4]. Some 
coastal marine bacteria have extremely high affinity for Fe and Mn [5]. In fact bacteria Fe-Mn interaction 
is one of the earliest connections between geochemical processes and early form of life [6, 7].. Bacteria are 
also able to reduce other metals such as U(VI), Cr(VI), and Co(III) [8]. Different bacteria may use different 
electron acceptors. Therefore any changes in the electron acceptors (i.e. oxygen, Fe (III) and Mn (IV)) 
chemistry may have some effects on bacterial community. 
 Murat V. Ardelan et al. /  Energy Procedia  23 ( 2012 )  449 – 461 451
 
In our previous experiment, we observed an early indication of a disturbance in Fe-Mn redox chemistry 
due to CO2 seepage [2] therefore we planned to follow the bacterial community distribution in our 
Titanium tank experiment to check whether there is some correlation between the disturbance of Fe -Mn 
shuttle and bacterial distribution in the sediment due to CO2 seepage. The changes in Fe-Mn chemistry in 
sediment and overlying water and connected shift of bacterial communities may be used as and indicators 
of the possible disturbance in redox gradient and electron transport networks in the surface sediment due to 
CO2 seepage. 
 
1.4. Experimental studies on the impact of CO2 seepage on marine ecosystems 
Most of the experiments to study the impact of CO2 leakage on biogeochemistry and ecosystem were done 
at atmospheric pressure. The prospective CO2 injection in the North Sea and Barents Sea however is 
planned at 100-300 m water depth, at a pressure of 10-30 atmospheres. Further work on the impacts of 
CO2 on trace and heavy metals mobility and bacterial community at the sediment-water interface is now in 
progress using a titanium pressure tank (Karl Erik TiTank, Fig. 1) where conditions may be chosen to 
mimic possible real situations of CO2 leakage. The experimental studies on the marine ecosystem are 
missing, in various degrees, regarding the environmental factors at the depth where the possible seepage 
may occur from CO2 storage zones. The current studies have been skipping basic chemical steps in the 
sense that they don’t account for realistic parameters and this makes the majority of the research 
questionable. Many basic data simply do not exist in the studies and the knowledge about the potential 
chemical impacts of CO2 seepage at sediment-water interface is limited. This is, therefore an area where 
further research is urgently needed. Experiments in the Karl Erik TiTank can mimic real situation of 
possible seepage of CO2 from storage site i.e. low temperature and high pressure. By focusing on 
biogeochemical parameters and variables that might be influenced by CO2 seepage in realistic conditions, 
this research is moving beyond the earlier studies. 
 
While small-scale experiments, mesocosm studies, and modeling provide important information, most of 
these methods have inherent drawbacks and their results have uncertainties. Mesocosms and experimental 
setups under 1 atm pressure cannot mimic the natural system. Therefore, further scientific observations on 
natural systems, coupled with more realistic experimental systems with continuous water exchanges under 
various pressures and high resolution of the various levels of CO2 exposure gradients will be important in 
order to reduce these uncertainties. In situ experiments in the fields, despite having a great advantage of 
being performed tests at natural sites, may have serious economical and practical problems. Reproduction 
of experiments by an in situ system is not easy and costs of the time and energy are high. Our TiTank, 
which was developed specially to study the impact of CO2 leakage on the marine sediment and benthic 
ecosystem, is a unique experimental vessel. TiTank offers us a continuous monitoring of CO2 leakage 
impact on marine sediment and ecosystem under fully controlled water flow rate, various CO2 fluxes, and 
various pressures (1 - 30 bar) conditions. Performing TiTanks experiments is more economical with respect 
to time and energy consumption, flexible, reproducible and easy to control. Various experiments using 
TiTank under different conditions that mimic the natural variations can provide us knowledge on the 
consequences of the possible of CO2 leakage from CO2 storage sites. 
 
The current concern of CO2 leakage is diffuse seepage that is difficult to detect. Moreover, the type of 
impact, if any, caused by this leakage is most likely to be chronic. The majority of the studies performed so 
far are primarily concentrated on the acute effects by focusing on mortality as a function of time exposure 
with different fixed pH values. The biological research has focused largely on acid-base regulation and 
cardio-respiration control, while other aspects are little investigated. The Karl Erik TiTank makes it 
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possible to perform experiments with low level of CO2 seepage in long-term and thereby predicts realistic 
effects of CO2 on aquatic communities. The outcome of the experiment may be used further for 
improvement of monitoring techniques to detect low level CO2 seepage and investigation of  chronic 
impacts of CO2 seepage in marine ecosystem. 
 
In this study we also investigate the influence of increased CO2 concentration on bacterial community 
structure in sediments. If bacterial community responds to a CO2 leakage one way or another this response 
might be used as a signature for low flux or episodic CO2 leakage from storage sites. Since the low flux   
or episodic CO2 leakages are difficult to detect with the existing monitoring techniques. Additionally to 
follow bacterial disturbance to CO2 seepage is important because bacterial processes might affect other 
aspects of the marine ecosystem 
 
2. Materials and Methods 
2.1. The high-pressure Titanium tank (Karl Erik TiTank) and experimental setup 
  A 1400 liter Titanium tank (Fig. 1) was used in the experimental CO2 seepage. KE TiTank, built in 
collaboration with Statoil, is being equipped with accessories (decompression lock, hydraulic manipulator 
arm, circulation pump and electronic hardware and software for control of operations and data logging) at 
NTNU / SINTEF Sealab 
 
Fig. 1. (a) Picture and  (b) Transect of pressurized Titanium tank (TiTank). Illustrations: Statoil 
 
The seawater flowed continuously with 1L min-1 flow rate through the chamber and was adjusted to 
control water residence time in the tank. The pressure was elevated to the desired level by the external 
pump which pumps water into the tank. Scientific 5.2 pure CO2  (HiQ, AGA) was pumped in using 16 % 
of pump capacity directly into tank through about 20 cm thick sediment. Operation pressure was selected 
as 10 bar corresponding 100 m depth. The hydrostatic pressure inside the tank was stabilized with a small 
gas volume inside a cylinder where a movable piston separates the gas phase from the seawater in the tank. 
The robotic arm is equipped with a video camera connected to an outside monitor screen to allow fine 
manipulation of operations inside the tank. The activity of the pressure pump, the addition of carbon 
dioxide, and carbon dioxide tension were controlled and monitored on a computer with Labview software, 
 
 
  (a) (b) 
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adapted to the operations of the tank by staff from SINTEF. Input and output pH and Titration alkalinity 
were determined every day. The experimental setup is designed to be as genuinely similar to the seafloor as 
possible. The experiment lasted 30 days. The experimental conditions are summarized in Fig. 2. 
 
 
Fig. 2. Experimental conditions; Seawater flow rate, pHNBS, Total Alkalinity (TA), partial pressure of CO2 (pCO2) and Dissolve 
Inorganic Carbon concentration (DIC) of inflowing and outflowing water  during theTitanium tank (TiTank). Experiment. “C” is 
representing the concentration of studied elements. Increase in element concentrations due to CO2 seepage were presented as ΔC for 
each element in the text. 
 
2.2. Sampling and analysis 
The sediments used in the experiment were collected in the Trondheimsfjord   at approximately 250 m 
depth, using a box corer on the research vessel Gunnerus, 14th September, 2010. Collected sediment in the 
sediment box was placed in the TiTank. The seawater from Trondheimfjord (from 90 m depth) flow  into 
the tank about 1 L min-1??. The temperature of the TiTank lab was kept around 7°C. 
 
The flowing seawater was first filtered with Aquapure water filter (AP055T, 5 μm nominal pore size) 
before the seawater went into the diffusive gradients in thin film (DGT) tube and afterward into the 
TiTank. A number of DGT were placed in both inflowing and outflowing water in DGT-tubes. These 
DGT`s were later analysed for element content in the incoming and outflowing seawater of the Titank to 
determine the concentration difference of studied trace elements (see Fig. 2). Inflowing seawater into the 
tank and outflowing seawater from the tank were regularly sampled during one week controls and 30 days 
CO2 seepage experiments. The detail description of passive sampler DGT techniques for element 
determination can be found in Ardelan et al. [1], in Ardelan and Steinnes [2]  and references therein. 
Several DGT units both for sediment-DGT and water-DGT were placed In the TiTank to follow the 
accumulation of DGT labile elements in the Titank during the CO2 seepage (the results of these DGT are 
not presented in this article). In addition to DGT, direct seawater sampling and direct Chelex-100 titration 
techniques [9] were also used to determine Chelex labile element content in the seawater. Only the 
preliminary results of DGT in inflow and outflow water are presented here. 
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Details of the sampling methods, element extraction and analysis of samples an determination of elements 
by HR-ICP-MS were reported in Ardelan et al.[1],  Ardelan and Steinnes [2]  Sundeng [10] and Slinde [11]  
 
 
2.2.1 Bacteria in Sediment  
 
We used the established molecular method the polymerase chain reaction (PCR)- by denaturing gradient 
gel electrophoresis (DGGE) [12, 13] for studying changes in bacterial community structure in sediment. 
The main steps are sampling - DNA extraction - PCR - DGGE - sequencing [12]. We used already existing 
protocols for sampling and extraction. The PCR amplifies the DNA, which is subsequently separated on a 
gel by DGGE. This provides a fingerprint of the bacterial community. The final step is to excise the bands 
on the gel, sequence the DNA and compare the sequences with databases for phylogenetic determination. 
The PCR-DGGE analysis has been performed at the Department of Biotechnology, NTNU. DNA from the 
sediment was extracted using UltraClean® Soil DNA Isolation Kit (MoBio). Details of the bacterial 
methods is described in Gjøsund [13]. 
 
 
3. Results and Discussion 
Here we are presenting and discussing only the preliminary results of the changes in DGT labile elements 
during the experimental CO2 seepage experiments in TiTank and some preliminary results from bacterial 
study.  
3.1. Redox sensitive metals (manganese, iron and cobalt) 
Our results indicate that “iron / manganese shuttle”  (Fig. 3 a) is partly destroyed (Fig. 3b) by experimental 
CO2 seepage. The amount of increase in Fe concentration between control and CO2 seepage and difference 
between concentration in outflow and inflow water (ΔFe) during the CO2 seepage experiment is presented 
in Fig. 4.b. The increase in Fe concentration due to CO2 seepage both as DGT labile (Fig. 4b) and Chelex 
labile forms (not shown here) was very apparent.  
 
For manganese, there was also a clear increase in the amounts or concentrations found in the outflow 
compared to the inflow water (Fig. 4a). However considerable difference between concentration of Mn in 
outflow and inflow water was also observed during the control run (Fig. 4a). This implies that Mn 
dissolution happens not only due to CO2 seepage and consecutive decrease in pH. The development of a 
moderate suboxic condition in the sediment during the TiTank experiment due to restricted oxygenation 
may cause manganese reduction [14] during the control run and hence an increase in Mn concentration in 
the running seawater.   
 
Co, on the other hand, responded to CO2 seepage (Fig. 4c) somewhere between responses of Fe and Mn. 
We found that Co mobilization is correlated both with iron and manganese in all the water samples, while 
the correlation is strongest with manganese in the DGT sediment pore-water samplers. This can possibly be 
explained by a process dependence, where cobalt is probably mobilized partly by the dissolution from 
manganese oxides in the sediment due to moderately suboxic condition in sediment but also released from 
iron oxide surfaces by the lowered pH at the sediment water interface similar to iron. The dramatic increase 
both in Fe and Co is a strong indication that iron shuttle is destroyed with a moderate CO2 seepage.  
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Fig. 3.  (a) Schematic representation of “Iron-Manganese shuttle” between sediment and overlying water. The role of “Iron-
Manganese shuttle” in removing other trace elements and heavy metals from the water is important. During diagenesis processes in 
sediment under suboxic/anoxic conditions, iron and manganese oxides are reduced and consequently dissolved from the sediments. 
They are then released into the pore water and transported upwards to more oxygenated water, either in the pore water, or beyond the 
water-sediment interphase They are then oxidized and precipitated back to the sediment surface, consequently scavenging other 
elements.  (b) Weakened Iron-Manganese shuttle under CO2 seepage; Schematic representation of disturbance in the re-oxidation and 
re-precipitation of released elements from sediment and their scavenging capacity for other heavy metals from seawater due to CO2 
seepage. 
456   Murat V. Ardelan et al. /  Energy Procedia  23 ( 2012 )  449 – 461 
 
Fig. 4.  Differences in DGT labile element accumulation in DGT units between inflow and outflow sweater of TiTank during control 
run (blue diamantes) and under CO2 seepage (red squares).  (a) Mn, (b) Fe  and (c)  Co 
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3.2. Other trace elements (Al, Cr, As, Pb, Ce and U) 
Our results indicate that solubility of aluminium, chromium, arsenic, lead, cerium and uranium  are 
increasing with CO2 seepage (Fig. 5 a-f). The increased concentration of DGT labile fractions of studied 
elements in seawater confirms that a decrease in pH due to a possible CO2 seepage may cause mobilization 
and transformation of these elements. However our results cannot yet clarify whether this mobilization is 
directly due to increased solubility of the studied elements due to decreased pH or it is related to weakened 
iron shuttle or both. 
Since we have not performed a detail speciation analysis of the studied elements in seawater under CO2 
seepage, our results cannot conclusively indicate the transformation of elements from one form to other 
due to CO2 seepage. However, we know that a DGT technique is selective for “truly dissolved” elements. 
These are either inorganic forms of elements or elements which formed complexes with small organic 
molecules (ligands). Truly dissolved elements able to diffuse small pore size of the pores of gel in the DGT 
units and finally can easily form complexes with iminodiacetic acid, a strong chelator on the surface of 
Chelex-100 in the DGT units (see [1, 2] and references therein). The increased amount of DGT labile Al, 
(Fig. 5a) therefore might be due to a combination of a shift from Al(OH)4-  to Al(OH)3 which is more 
Chelex labile [10] and  enhanced  transport of solubilized Al from both the pore waters and  solid phase in 
the seawater.  Similarly, transformation of less soluble form of As into more soluble or low molecular 
forms of As, or less Chelex labile As into more labile forms may happen when pH decreases. The 
dominant form of soluble inorganic As, HAsO42- which is more negatively charged  may be transformed to 
more soluble fraction of H2AsO4-  due to lowered pH. This form of As is less negatively charged and hence 
may bind more strongly to Chelex-100 in DGT units [10]. Increase in DGT labile Pb  (Fig. 5d) might be 
explained by release from particles surface, such as Fe oxides, when these oxides dissolve under low pH. 
Additionally, at pH 6.8 the decrease in adsorption of Pb onto surface of particles in seawater and sediment 
may be another reason for the observed increase in DGT labile Pb. Species transformation of elements 
from less soluble to more soluble forms or from less labile to more labile forms due to CO2 seepage seems 
also  to be  possible reasons for the detected sharp increase in DGT-labile U (Fig. 5f). Li et al [15]  reported 
that UO2(CO3)22- is the most dominant specie under low pH  and this form of U- has a higher affinity (80 
%) to Chelex-100 compared to UO2(CO3)34- (19 %) [15]. 
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Fig. 5. Differences in DGT labile element accumulation in DGT units between inflow and outflow seawater of TiTank during control 
run (blue diamantes) and under CO2 seepage (red squares).  (a) Al  (b) Cr  (c) As, (d) Pb, (e) Ce and (f) U 
 
3.3. Response of Bacterial community to CO2 seepage 
We did not observed a considerable changes in the bacterial community structure in the surface layer of 
sediments even after one month CO2 seepage (data is not shown here). This was not the case for the 
bacterial communities in deeper sediment layers, between 2.5 and 10 cm. In these layers the bacterial 
community structure was significantly changed due to experimental CO2 seepage (Fig. 6 ). Non-metric 
Multidimensional Scaling (NMDS) analysis of bacterial community in the sediment before and after CO2 
seepage shows significant changes (Fig. 6) in the sub-surface layers [13]. Analysis of similarities 
(ANOSIM) method also confirms this to be a significant difference, with a P-value of P=0.0085, and 
R=0.1793.  Disturbance in bacterial community by CO2 at the surface sediment is weak due to a 
compensation effect of running seawater with relatively high pH (about 8.1) and oxygen against the 
possible effects of CO2 on bacterial community. The renewal of pore water in sediment by new seawater 
and its compensation effect were not effective in the deeper layer of the sediment. Therefore, in deeper 
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sediment Fe (III) and Mn(IV) might be important as  electron acceptors  due to decreasing concentration of 
the oxygen as a main electron acceptor. When Fe and Mn chemistry are disturbed by CO2 seepage, the 
bacterial community probably is affected. Disturbance of Fe and Mn chemistry might therefore be an 
important reason to why only the deep sediment layers have bacterial community shift. However our 
results can not resolve whether the observed changes in bacterial community structure is a result of the 
direct effects of CO2 / pH  (primary effects) or due to disturbance in trace element geochemistry by CO2 
seepage (secondary effects) or their  combination. Especially the possible links between bacterial 
community and changing trace element chemistry remains as a challenging issue. More research is 
definitely needed to determine the primary and secondary effects of CO2 leakages to the marine 
ecosystem.  
High heterogeneity of sediment regarding the bacterial community and geochemistry is a major challenge 
to study the response of microorganism for the impact of CO2. In order to overcome this problem, 
experiment could be run by homogenized sediment, however this will disturb the natural stratification in 
the sediment. 
 
 
 
Fig. 6. Bacterial distribution in the sub surface layers of the sediment (2.5 – 10 cm) before and after the experimental CO2 seepage 
with NMDS. The legends show bacterial distribution in different sediment layers, the black and red legends represent the bacterial 
distribution before and after the experimental CO2, respectively in two different sediment chambers (A and B). After CO2 seepage 
samples (red) legends in the area of red shadow appear to be dissimilar to before CO2 samples (black). A few (three) “after CO2“ 
samples do overlap with “before- CO2“ samples.  
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3.4. Conclusion 
With our preliminary results we cannot explain the precise mechanisms responsible for the determined 
increase of the DGT-labile elements. However our results are clearly showing that DGT labile fractions 
(most probably biologically available and hence potentially toxic forms) of all studied elements increased 
with experimental CO2 seepage independent of what the detail chemical mechanism behind these increases 
is. The environmental and ecological consequences of these increases might be critical if there will be 
some CO2 seepage from the storage sites into seawater. Hence, further studies are necessary to identify the 
DGT labile species and correlate them to eco-toxicological effects.  Beside this, monitoring for early 
detection of a possible CO2 seepage is of vital importance. In particular, detection of low flux or episodic 
CO2 seepage from storage sites into seawater through sediment overload is a challenging issue. 
 
Our results clearly show that, both uranium and cerium can be used as chemo-indicators for CO2 seepage 
and pinpoint the zone of the seepage. These two elements have quite constant concentration in seawater 
with natural seawater pH (around 8) and their determination are relatively less risky compared to the high 
contamination risk of other trace elements. The enhanced Fe and Co can also be used as supportive chemo-
indicators for a possible CO2 seepage in oxic waters.  Moreover, the changes in trace element chemistry at 
sediment –water interface to experimental CO2 seepage can be used to predict the responses of ecosystem 
processes to the possible CO2 leakage. 
 
Although our 30 days experiment can be considered long to study the effects of CO2 on marine ecosystem, 
our results indicate that much longer experiments are needed to reveal the mechanisms behind the observed 
correlations between geochemical responses and CO2 seepage. To run longer experiments and to collect 
sample more often during the experiment are necessary especially to understand whether bacterial 
community is sensitive, resilient (sensitive for disturbance but have the capacity to recover), resistant 
(remains unchanged despite the disturbance), or functionally redundant [16] in response to CO2 seepage 
and connected disturbances.   
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